Using a sample of 106 million ψ(3686) decays, the branching fractions of ψ(3686) → γχc0, ψ(3686) → γχc1, and ψ(3686) → γχc2 are measured with improved precision to be (9.389±0.014±0.332) %, (9.905±0.011±0.353) %, and (9.621±0.013±0.272) %, respectively, where the first uncertainties are statistical and the second ones are systematic. The product branching 3 fractions of ψ(3686) → γχc1, χc1 → γJ/ψ and ψ(3686) → γχc2, χc2 → γJ/ψ and the branching fractions of χc1 → γJ/ψ and χc2 → γJ/ψ are also presented.
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I. INTRODUCTION
The discovery of the J/ψ in 1974 and soon thereafter of the charmonium family convinced physicists of the reality of the quark model [1] . Since then, measurements of the masses and widths of the charmonium family and their hadronic and radiative transition branching fractions have become more precise. The spectrum of bound charmonium states is important for the understanding of Quantum Chromodynamics (QCD) in the perturbative and non-perturbative regions [2] .
For charmonium states that are above the ground state but below threshold for strong decay into heavy flavored mesons, like the ψ(3686), electromagnetic decays are important decay modes. The first charmonium states discovered after the J/ψ and ψ(3686) were the χ cJ (J = 0, 1, and 2) states, which were found in radiative transitions of the ψ(3686) [3, 4] . These states, which are the triplet 1P states of the cc system, had been theoretically predicted [5, 6] along with the suggestion that they could be produced by E1 transitions from the ψ(3686) resonance.
Radiative transitions are sensitive to the inner structure of hadrons, and experimental progress and theoretical progress are important for understanding this structure. The development of theoretical models is also important for predicting the properties of missing charmonium states, in order to help untangle charmonium states above the open-charm threshold from the mysterious XY Z states [7] . Much information on radiative transitions of charmonium can be found in Ref. [2] , and a recent summary of theoretical predictions for radiative transitions of charmonium states and comparisons with experiment may be found in Ref. [8] .
The branching fractions of ψ(3686) → γχ cJ were measured most recently by CLEO in 2004 with a sample of 1.6 M ψ(3686) decays [9] . The Crystal Ball [10] , CLEO values, and the Particle Data Group (PDG) [7] averages are given in Table I . [10] and CLEO [9] ψ(3686) → γχcJ branching fractions and average values from the PDG [7] .
Decay
Crystal Ball (%) CLEO (%) PDG (%) ψ(3686) → γχ c0 9.9 ± 0.5 ± 0.8 9.22 ± 0.11 ± 0.46 9.2 ± 0.4 ψ(3686) → γχ c1 9.0 ± 0.5 ± 0.7 9.07 ± 0.11 ± 0.54 8.9 ± 0.5 ψ(3686) → γχ c2 8.0 ± 0.5 ± 0.7 9.33 ± 0.14 ± 0.61 8.8 ± 0.5
BESIII has the world's largest sample of ψ(3686) decays and has made precision measurements of many ψ(3686) branching fractions, including ψ(3686) → π + π − J/ψ, along with J/ψ → l + l − (l = e, µ) [11] , ψ(3686) → π 0 J/ψ and ηJ/ψ [12] , ψ(3686) → π 0 h c [13, 14] , and the product branching fractions B(ψ(3686) → γχ cJ ) × B(χ cJ → γJ/ψ) [15, 16] using exclusive χ cJ → γJ/ψ decays. It is important that the ψ(3686) → γχ cJ and ψ(3686) → γη c branching fractions be measured as well. Improved precision on these is necessary because they are often used in the determination of χ cJ and η c branching fractions via the product branching fractions. However, it is to be noted that systematic uncertainties dominate the measurements summarized in Table I , so to improve on their results, it is necessary to reduce the systematic uncertainties.
In this paper, we analyze ψ(3686) inclusive radiative decays and report the measurement of the ψ(3686) → γχ cJ branching fractions. The product branching fractions B(ψ(3686) → γχ cJ ) × B(χ cJ → γJ/ψ) are also measured, and the χ cJ → γJ/ψ branching fractions are determined. This analysis is based on the ψ(3686) event sample taken in 2009 of 106 million events, determined from the number of hadronic decays as described in Ref. [17] , the corresponding continuum sample with integrated luminosity of 44 pb −1 at √ s = 3.65 GeV [17] , and a 106 million ψ(3686) inclusive Monte Carlo (MC) sample.
The paper is organized as follows: In Section II, the BESIII detector and inclusive ψ(3686) MC simulation are described. In Section III, the selections of inclusive ψ(3686) → γX events and π 0 's are described and comparisons of inclusive ψ(3686) data and MC sample distributions are made. Section IV presents the inclusive photon energy distributions, while Section V details the selection of exclusive ψ(3686) → γχ cJ events. Sections VI and VII describe the fitting of the photon energy distributions and the determination of the branching fractions, respectively. Section VIII presents the systematic uncertainties, and Sections IX and X give the results and summary, respectively.
II. BESIII AND INCLUSIVE ψ(3686) MONTE CARLO SIMULATION
BESIII is a general-purpose detector at the doublering e + e − collider BEPCII and is used for the study of physics in the τ -charm energy region [18] . It has a geometrical acceptance of 93 % of 4π solid angle and consists of four main subsystems: a helium-based multilayer drift chamber (MDC), a plastic scintillator time-offlight (TOF) system, a CsI(Tl) electromagnetic calorimeter (EMC) and a resistive plate muon chamber system. The first three sub-detectors are enclosed in a superconducting solenoidal magnet with a 1.0 T magnetic field. More details of the detector are described in Ref. [19] .
MC simulations of the full detector are used to de-termine detection efficiency and to understand potential backgrounds. The geant4-based [20] simulation software, BESIII Object Oriented Simulation [21] , contains the detector geometry and material description, the detector response and signal digitization models, as well as records of the detector running conditions and performance. Effects of initial state radiation (ISR) are taken into account with the MC event generator kkmc [22, 23] , and final state radiation (FSR) effects are included in the simulation by using PHOTOS [24] . Particle decays are simulated with evtgen [25] for the known decay modes with branching fractions set to the world average [7] and with the lundcharm model [26] for the remaining unknown decays. Angular distributions of the cascade E1 transitions ψ(3686) → γχ cJ follow the formulas in Refs. [27, 28] , while the cos θ distributions for χ cJ → γJ/ψ are generated according to phase space distributions. The χ cJ are simulated with Breit-Wigner line shapes. To account for the E1 transitions for ψ(3686) → γχ cJ , χ cJ → γJ/ψ, MC events will be weighted as described in Section IV.
III. EVENT SELECTION A. Inclusive ψ(3686) → γX Event Selection
We start by describing the selection procedure for ψ(3686) event candidates. To minimize systematic uncertainties from selection requirements, the ψ(3686) event selection criteria, which are used for both data and the MC sample, are fairly loose.
Charged tracks must be in the active region of the MDC with | cos θ| < 0.93, where θ is the polar angle of the track, and have V r < 2 cm and |V z | < 10 cm, where V r is the distance of the point of closest approach of the track to the beam line in the plane perpendicular to the beam line and |V z | is the distance to the point of closest approach from the interaction point along the beam direction. In addition, p < 2.0 GeV/c is required to eliminate misreconstructed tracks, where p is the track momentum.
Photon candidates are reconstructed from clusters of energy in the EMC that are separated from the extrapolated positions of any charged tracks by more than 10 standard deviations and have reconstructed energy E γ > 25 MeV in the EMC barrel (| cos θ γ | < 0.80) or > 50 MeV in the EMC end-caps (0.86 < | cos θ γ | < 0.92), where E γ is the photon energy and θ γ is the polar angle of the photon. The energy deposited in nearby TOF counters is included in EMC measurements to improve the reconstruction efficiency and energy resolution. Photons in the region between the barrel and end-caps are poorly reconstructed and are not used. In addition, E γ < 2.0 GeV is required to eliminate misreconstructed photons. The timing of the shower is required to be no later than 700 ns after the reconstructed event start time to suppress electronic noise and energy deposits unrelated to the event.
To help in the selection of good ψ(3686) candidates, events must have N ch > 0, where N ch is the number of charged tracks, and E vis = E ch + E neu > 0.22E cm , where E vis is the visible energy of the event, E ch is the total energy of the charged particles assuming them to be pions, E neu is the total energy of the photons in the event, and E cm is the center of mass (CM) energy. To remove beam background related showers in the EMC and to demand at least one photon candidate in order to select inclusive ψ(3686) → γX events, we require 0 < N γ < 17, where N γ is the number of photons. In the following, inclusive ψ(3686) events and inclusive ψ(3686) MC events will assume this selection.
B. Non-ψ(3686) background
By examining the continuum sample taken at a CM energy of 3.65 GeV, a set of selection requirements were chosen to further remove non-ψ(3686) background by identifying Bhabha events, two-photon events, ISR events, beam background events, electronic noise, etc. Events satisfying any of the following conditions will be removed: 3. N ch < 4 and E cal < 0.15E cm , where E cal is the total deposited energy (charged and neutral) in the EM C.
where (P z ) ch and (P z ) neu are the sums of the momenta of the charged and neutral tracks in the z direction.
CLEO in Ref. [9] used a similar selection in their analysis.
The invariant mass distribution of all γγ combinations has a clear peak from π 0 → γγ decay. To reduce background under the radiative transition peaks, photons in π 0 's will be removed from the inclusive photon energy distributions. To reduce the loss of good radiative transition photons due to accidental mis-combinations under the π 0 peak, the requirements for a π 0 candidate are rather strict.
Photons in π 0 candidates must have δ > 14 degrees, where δ is the angle between the photon and the closest charged track in the event, and the lateral shower profile must be consistent with that of a single photon. Since efficiencies and backgrounds depend on the accuracy of the MC simulation, it is important to validate the simulation by comparing the inclusive ψ(3686) MC with on-peak data minus continuum data. In the following, data will refer to on-peak data minus scaled continuum data, where the scale factor of 3.677 accounts for the difference in energy and luminosity between the two data sets [17] . In general, data distributions compare well with the inclusive MC distributions, except for those involving π 0 s. To improve the agreement, each MC event is given a weight determined by the number of π 0 s, N π 0 , in the event. For events with N π 0 corresponding to bin i of the
In Fig Fig. 3 . The agreement is improved for the weighted sample, and in the following, the inclusive MC distributions will be weighted by w π 0 .
IV. INCLUSIVE PHOTON ENERGY DISTRIBUTIONS
Inclusive photon energy distributions are obtained using the following selection requirements. First, the event must satisfy the inclusive ψ(3686) selection requirements, as described in Section III A, and not be a non-ψ(3686) background event, as defined in Section III B, a π event, or a π 0 π 0 J/ψ event. The π + π − J/ψ events are selected with the following requirements. There are two oppositely charged pions with momenta p π < 0.45 GeV/c, and the mass recoiling from the π + π − system, RM +− , must satisfy 3.09 < RM +− < 3.11 GeV/c 2 . The π 0 π 0 J/ψ events must have two π 0 s with p π < 0.45 GeV/c, and the mass recoiling from the π 0 π 0 system, RM 00 , must satisfy 3.085 < RM 00 < 3.12 GeV/c 2 . The photon must be in the EMC barrel. This requirement is used because the energy resolution is better for barrel photons, and there are fewer noise photons. The photon must satisfy the requirement of δ < 14 degrees (see Section III C) and not be part of a π 0 candidate. In Fig. 4 shown for data and inclusive MC events, respectively. The peaks from left to right in each distribution correspond to ψ(3686) → γχ c2 , γχ c1 , γχ c0 , χ c1 → γJ/ψ, and χ c2 → γJ/ψ. The very small peak at around 0.65 GeV is from the ψ(3686) → γη c transition. Other small peaks not seen in the spectra but considered in the fit are J/ψ → γη c and χ c0 → γJ/ψ. The inclusive ψ(3686) MC sample is used to obtain the signal shapes for charmonium transitions and the shape of the major component of the background under the signal peaks. The signal shape for each transition is obtained by matching the radiative photon at the generator level with one of the photons reconstructed in the EMC. The requirement, which has an efficiency greater than 99 %, is that the angle between the radiative photon and the reconstructed photon in the EMC must be less than 0.08 radians. No requirement on the energy is used to allow obtaining the tails of the energy distribution. The signal shapes are shown in Fig. 5 . The three large peaks from left to right in Fig. 5 (a) correspond to the ψ(3686) → γχ c2 , γχ c1 , and γχ c0 transitions. The very small peak around 0.65 GeV is the ψ(3686) → γη c transition. The peaks in Fig. 5 (b) from left to right correspond to the χ cJ → γJ/ψ transitions for J = 0, 1, and 2, where the χ c0 → γJ/ψ peak at around 0.3 GeV is very small.
The background component is obtained from the simulated inclusive photon energy distribution after all selection requirements but with energy deposits from radiative photons for charmonium radiative transition events (ψ(3686) → γχ cJ , ψ(3686) → γη c , χ cJ → γJ/ψ, and J/ψ → γη c ) removed. Note that this distribution, shown as the shaded region in Fig. 4 (b) , has a complicated shape. This distribution will be used to describe part of the background under the signal peaks in fitting the data and MC inclusive photon energy distributions, as described in Section VI.
The E1 transition is expected to have an energy dependence of E 3 γ , where E γ is the energy of the radiative photon in the CM of the parent particle [29] . To account for the E1 transitions for ψ(3686) → γχ cJ , χ cJ → γJ/ψ, a weight (w trans ) is calculated for each MC event using the radiative photon CM energy. For ψ(3686) → γ 1 χ cJ events with no subsequent χ cJ → γJ/ψ decay, the weights are given by (
, where E γ1 for each decay is the radiative photon CM energy and E γ10 is the most probable transition energy (E γ10 = 3 , where E γ2 is the energy of the daughter radiative photon in the rest frame of the mother particle and E γ20 is its most probable energy. The overall event weight is the product of both weights (w π 0 × w trans ).
V. ψ(3686) → γχcJ EXCLUSIVE EVENT SELECTION AND PHOTON ENERGY DISTRIBUTIONS
In order to constrain the final ψ(3686) → γχ cJ signal shapes in fitting inclusive photon energy distributions, clean energy spectra from ψ(3686) → γχ cJ , χ cJ → exclusive events will be used. To fit the ψ(3686) → γχ cJ peaks of data, exclusive event samples are selected from ψ(3686) data. To fit the MC ψ(3686) → γχ cJ peaks, exclusive samples are generated, as described below. Exclusive events must satisfy the same requirements as inclusive events when constructing photon energy distributions.
A. ψ(3686) → γχcJ exclusive event selection
The exclusive ψ(3686) → γχ cJ photon energy distribution is the sum of ψ(3686) → γχ cJ , χ cJ → 2 and 4 charged track events.
Common requirements The number of good photons must be greater than zero and less that 17. The photon with the minimum θ recoil , which is the angle between the photon and the momentum recoiling from the two (four) charged tracks, is selected as the radiative photon, and θ recoil must satisfy θ recoil < 0.2 rad. Also required are | cos θ rad−γ | < 0.75, where θ rad−γ is the polar angle of the radiative photon, and 3.3 < M 2(4)π < 3.62 GeV/c 2 , where M 2(4)π is the invariant mass of the two (four) charged tracks.
Specific requirements for ψ(3686) → γχ cJ , χ cJ → 2 charged tracks We require one positively and one negatively charged track. Particle identification probabilities are determined using dE/dx information from the MDC and time of flight information from the TOF system, and both tracks are required to be either kaons (Prob(K) > Prob(π)) or pions (Prob(π) > Prob(K)). We also require | cos θ| < 0.85 for both charged tracks, where θ is the polar angle, the momentum of each track be less than 1.4 GeV/c, and the momentum of one track be larger than 0.5 GeV/c. Specific requirements for ψ(3686) → γχ cJ , χ cJ → 4 charged tracks We require two positive and two negative tracks and |Σp z | < 0.04 GeV/c, where |Σp z | is the sum of the momenta of the charged tracks and neutral clusters in the z direction. ISR events tend to have large |Σp z |. Also the mass recoiling from the two low momentum tracks is required to be less than 3.05 GeV/c 2 to veto ψ(3686) → ππJ/ψ background.
B. ψ(3686) → γχcJ exclusive MC sample
Here, exclusive χ cJ → two and four pion and kaon events are generated with evtgen [25] , and the generated events are selected using the selection criteria described in Section V A. Events are weighted by w trans using the generated energy of the radiative photon.
VI. FITTING THE INCLUSIVE PHOTON ENERGY DISTRIBUTION
The numbers of ψ(3686) → γχ cJ events and χ cJ → γJ/ψ events are obtained by fitting the inclusive photon energy distributions for data. The efficiencies are obtained from the fit results for the inclusive ψ(3686) MC events.
To fit the ψ(3686) → γχ cJ signal peaks of data, the MC signal shapes, described in Section IV, are convolved with asymmetric Gaussians to account for the difference in resolution between MC and data, where the parameters of the Gaussians are determined by the fit. The broad χ c1 and χ c2 → γJ/ψ peaks are described well by just the MC shapes. Also included in the fit are χ c0 → γJ/ψ and J/ψ → γη c . The background distribution is the inclusive MC photon energy distribution with energy deposits from radiative photons removed combined with a second order Chebychev polynomial function.
To constrain further the ψ(3686) → γχ cJ signal shapes, a simultaneous fit to inclusive (see Section IV) and exclusive photon energy distributions (see Section V A) is done in the energy range from 0.08 to 0.35 GeV. The parameters of the asymmetric Gaussians are the same for the inclusive and exclusive fits. However, all signal shapes are allowed to shift independently in energy for the two distributions. The exclusive background distribution is determined in a similar way as the inclusive photon background distribution but using the exclusive event selection on the ψ(3686) MC event sample. Fig. 6 is the simultaneous fit of data for the region 0.08 < E γ < 0.5 GeV for the inclusive photon energy distribution and the region 0.08 < E γ < 0.35 GeV for the exclusive photon energy distribution. The fit to the inclusive photon energy distribution and the corresponding pull distribution are shown in the top set of plots. The bottom set of plots are those for the exclusive photon energy distribution. The pull distributions are reasonable, except in the vicinity of the ψ(3686) → γχ c1 and γχ c2 peaks. The chi-squares per degree of freedom (ndf ) are 3.5 and 2.7 for the inclusive and exclusive distribution fits, respectively. The chi-square is determined using
Shown in
where n i , n f i , and σ i are the number of data events in bin i, the result of the fit at bin i, and the statistical uncertainty of n i , respectively, and the sum is over all histogram bins.
A fit is also done to the MC inclusive energy distribution. The MC shapes are used without convolved asymmetric Gaussians for the ψ(3686) → γχ cJ peaks. Since only MC shapes are used, it is not useful to do a simultaneous fit as there are no common parameters to be determined in such a fit. The fit matches the inclusive photon energy distribution almost perfectly with a chisquare close to zero. This is not unexpected since the signal and background shapes come from the MC and when combined reconstruct the MC distribution. 
VII. BRANCHING FRACTION DETERMINATIONS
The branching fractions are calculated using the following equations
, (1) where B(ψ(3686) → γχ cJ ) is the branching fraction of ψ(3686) → γχ cJ , N ψ(3686)→γχcJ is the number of events in data from the fit, ǫ ψ(3686)→γχcJ is the efficiency determined from MC, and N ψ(3686) is the number of ψ(3686) events [17] . The product branching fraction for ψ(3686) → γχ cJ , χ cJ → γJ/ψ is given by
where N χcJ →γJ/ψ is the number of χ cJ → γJ/ψ events in data and ǫ χcJ →γJ/ψ is the efficiency. From Eq. (1) and Eq. (2), we obtain the branching fraction for χ cJ → γJ/ψ, which is given by
Results are listed in Table II , where the uncertainties are statistical only. For B(χ cJ → γJ/ψ), an alternative parametrization in terms of N ψ(3686)→γχcJ and the ratio N χcJ →γJ/ψ /N ψ(3686)→γχcJ has been tried because of the possible correlation between the numerator and denominator of Eq. (3), but the difference with the original result is small and will be neglected since it is much less than the systematic uncertainties that will be discussed below.
VIII. SYSTEMATIC UNCERTAINTIES
Systematic uncertainties, which arise from selection requirements, fitting, photon efficiency, the uncertainty in the number of ψ(3686) events, etc. are summarized in Table III . For ψ(3686) → γχ cJ , they are under 4 % and smaller than those of CLEO [9] , with the largest contribution coming from fitting the photon energy distribution. Details of how they are estimated are given below.
A. Systematic uncertainties from initial ψ(3686) event selection
Initial ψ(3686) event selection requirements are N ch > 0, N γ < 17, and E vis > 0.22E cm . To determine the systematic uncertainties associated with the N ch > 0 requirement, events without charged tracks are also analyzed. The photon time requirement is removed for these events since without charged tracks, the event start time can not be well determined. The selection requirements are also changed because these events have much more background. Events must have total energy greater than 1.7 GeV and at least one good neutral pion. Even so, there is a background from low energy photons, and even after subtracting continuum, the photon energy distribution for data has a large background under the signal peaks, making fits difficult with the number of fitted events having large uncertainties.
The photon energy distributions for data and MC are fitted. The numbers of fitted events for data and MC are then added with the number of fitted events with charged tracks, and the branching fractions are recalculated. The differences with the branching fractions determined with charged track events only are then determined and taken as the systematic uncertainties associated with the N ch > 0 requirement.
As described in Section III D, inclusive ψ(3686) MC events are weighted according to the the N π 0 distribution to give better agreement with data. According to the MC, the efficiency of the N γ < 17 requirement, defined as the number of events with N γ < 17 divided by the number of events with N γ > 0, is 99.99 % with weighting and 99.99 % without weighting, while the efficiency for data is 99.98 %. The agreement is excellent, the efficiency is very high, and the systematic uncertainty is negligible for this requirement.
The agreement between the E vis distribution of data and the inclusive ψ(3686) MC distribution is very good. According to the inclusive MC, the efficiency of the E vis > 0.22E cm requirement after the N ch and N γ requirements is 99.76 %. The mean and root-mean-squared values of the MC (data) are 3.004 (2.991) GeV and 0.561 (0.579) GeV, respectively. If the MC distribution is shifted down by 13 MeV relative to the data, the loss of events due to the E vis requirement corresponds to an inefficiency of 0.17 %, and this will be taken as the systematic uncertainty for the E vis requirement.
B. Systematic uncertainties from inclusive photon selection
Further selection criteria are used before including photons into the photon energy distributions which are used for fitting. Photon selection requirements include δ > 14 o , removal of non-ψ(3686) background events, removal of ππJ/ψ events, and removal of photons which can be part of a π 0 . δ > 14 o and ψ(3686) background removal systematic uncertainties:
To determine the systematic uncertainties for the first two requirements, they are removed from the selection process, and the branching fraction results obtained are compared to those with the requirements. Removing the δ requirement changes the inclusive photon energy background distribution of the inclusive MC, as well as the inclusive photon energy distribution of data. The differences of the branching fraction results are taken as the systematic uncertainties for each of the requirements.
The distribution of mass recoiling from the π + π − system, RM +− , for events passing the non-ψ(3686) veto and the ψ(3686) → π + π − J/ψ selection, but without the recoil mass requirement in Section IV, has a clear J/ψ peak from ψ(3686) → π + π − J/ψ. Events with RM +− satisfying 3.09 < RM +− < 3.11 GeV/c 2 will be removed from further consideration. However, there are π + π − mis-combinations underneath the peak in the J/ψ region. To estimate the probability that a good radiative photon event may be vetoed accidentally (or the efficiency with which it will pass this veto requirement), the sideband regions, defined as 3.07 < RM +− < 3.085 GeV/c 2 and 3.115 < RM +− < 3.13 GeV/c 2 , are used to estimate the number of mis-combinations in the signal region. Using this veto probability, the efficiency for inclusive MC events to pass the ψ(3686) → π + π − J/ψ veto requirement is found to be 93.06 %. The efficiency for data is 92.83 %, and the difference between data and inclusive MC is 0.23/93.06 = 0.25 %, which we take as the systematic uncertainty due to the π + π − J/ψ veto for all radiative photon processes. π 0 π 0 J/ψ event removal systematic uncertainty: The approach to determine the systematic uncertainty for the π 0 π 0 J/ψ event removal is similar to that described in the previous section. Using the veto probability obtained using sidebands, the efficiency for inclusive MC events to pass the ψ(3686) → π 0 π 0 J/ψ veto requirement is found to be 95.34 %. The efficiency for data is 95.37 %, and the difference between data and inclusive MC is 0.03/95.35 = 0.03 %, which we will take as the systematic uncertainty due to the π 0 π 0 J/ψ veto for all radiative photon processes.
Systematic uncertainty for the removal of photons which can be part of a π 0 : As described in Section III C, photons that are part of a π 0 are excluded from the inclusive photon energy distri- bution. To estimate the systematic uncertainty for this requirement, the efficiency of this criterion is determined for data and MC events for each transition by fitting the photon inclusive energy distribution with and without the π 0 removal using non-simultaneous fitting. The systematic uncertainties are determined by the differences between the efficiencies for data and MC events.
C. Fitting systematic uncertainty
The systematic uncertainty associated with the fit procedure is determined by comparing various fitting methods. The fit is done with an alternative strategy, fitting with a non-simultaneous fit, changing the order of the polynomial function used from second order to first order, changing the fitting range, and fixing the number of events for the J/ψ → γη c and ψ(3686) → γχ c0 , χ c0 → γJ/ψ to the numbers expected, and the result for each case is compared with our standard fit to determine the systematic uncertainty for that case.
For the alternative strategy, the ψ(3686) → γχ c1 and γχ c2 peaks are described by asymmetric Gaussians with Crystal Ball tails on both sides. The other signal peaks and backgrounds are the same. A simultaneous fit is done to better constrain the asymmetric Gaussian and Crystal Ball tail parameters, which are common between the inclusive and exclusive distributions.
For the ψ(3686) → γχ cJ systematic uncertainties, the fitting range is changed from 0.08 -0.5 GeV to 0.08 -0.35 GeV, which removes the χ cJ → γJ/ψ peaks and changes the number of parameters used in the fit. For the χ cJ → γJ/ψ systematic uncertainties, the range is changed from 0.08 -0.5 GeV to 0.2 -0.54 GeV, which removes the ψ(3686) → γχ c1 and ψ(3686) → γχ c2 peaks and produces a rather large systematic uncertainty due to the background in the fit of data preferring a pure polynomial background in the latter case. The total systematic uncertainties from fitting for each branching fraction are determined by adding the systematic uncertainties from each source in quadrature.
The signal for ψ(3686) → γχ c0 , χ c0 → γJ/ψ is very small and sits on the tail of ψ(3686) → γχ c0 . It is therefore difficult to fit this peak as indicated by the very large fitting systematic uncertainty for this process.
D. MC Signal Shape
The signal shapes used in fitting the photon energy distribution are determined by matching MC radiative photons with reconstructed photons in the EMC, where the angle between the photons is required to be less than ∆θ = 0.08 radians. This selection could bias the signal shapes used in the fitting. The systematic uncertainty associated with this selection is determined by changing the ∆θ selection requirement to 0.04 radians. The differences for each decay are taken as the systematic uncertainties in the signal shape.
E. Higher order multipoles for ψ(3686) → γχc1 and χc2
Angular distributions for ψ(3686) → γχ cJ are generated according to those expected for E1 radiative tran-sitions. This approach is accurate enough for ψ(3686) → γχ c0 , but higher order multipole contributions must be considered for ψ(3686) → γχ c1 and ψ(3686) → γχ c2 decays. Also the angular distributions for χ cJ → γJ/ψ MC events do not agree with data. BESIII has measured the angular distributions for ψ(3686) → γχ cJ , χ cJ → γJ/ψ [16] , and these distributions have been fitted to 1+α cos 2 θ, where θ is the laboratory polar angle, and the values of α have been determined. Using these values of α, it is possible to calculate the differences in the geometric acceptance between data and the inclusive ψ(3686) MC. The acceptance efficiency for a given value of α is given by the integral of 1 + α cos 2 θ from cos θ = −0.8 to cos θ = 0.8 divided by the integral between −1 and +1.
Using the values of α that were used to generate the MC events and those obtained based on Ref. [16] , the changes in the efficiencies are 0.61 % for ψ(3686) → γχ c1 and 0.60 % for ψ(3686) → γχ c2 . For χ cJ → γJ/ψ (J = 1, 2), the changes are 0.35 % and 3.82 %, respectively. The changes to the branching fractions from the changes in efficiencies are taken as the systematic uncertainties due to the higher order multipole corrections.
The systematic uncertainty associated with the | cos θ| < 0.8 requirement is determined by using the requirement | cos θ| < 0.75 instead and by comparing the results with the standard requirement. This tests whether there are edge effects with the EMC that are not fully modeled by the MC simulations.
G. Event weighting
As described in Section III D, MC events are weighted to give better agreement for the π 0 distributions between data and MC simulation, as well as to include the E1 transition E 3 γ weight. The systematic uncertainty associated with the w π 0 weight is determined by turning off its weighting and taking the difference in results as the systematic uncertainties.
H. Continuum energy difference
Data distributions, including the inclusive photon energy distribution for data, are defined as data minus scaled continuum data. While this takes into consideration the effect on the normalization of the continuum due to the difference in luminosity and energy, it does not consider the difference in the energy scale of the photons. To determine the systematic uncertainty due to this effect, the photon energies of the continuum data were scaled by the ratio of the CM energies, 3.686/3.65, and the scaled distribution was subtracted from data, and the fitting redone. The differences with respect to the standard analysis are taken as the systematic uncertainties of this effect.
I. Other systematic uncertainties
The photon detection efficiency is studied utilizing the control samples ψ(3686) → π + π − J/ψ, J/ψ → ρ 0 π 0 and ψ(3686) → π 0 π 0 J/ψ with J/ψ → l + l − and ρ 0 π 0 . The corresponding systematic uncertainty is estimated by the difference of detection efficiency between data and MC samples, and 1 % is assigned for each photon [30] .
The trigger efficiency is assumed to be very close to 100 % with negligible uncertainty, since the average charged particle and photon multiplicities are high. The number of ψ(3686) events is (106.41±0.86)×10
6
, which is obtained by studying inclusive ψ(3686) decays [17] . The uncertainties from all above sources and the total systematic uncertainty, obtained by adding all uncertainties quadratically, are listed in Table III . Since the fitting uncertainty for ψ(3686) → γχ c0 , χ c0 → γJ/ψ is so large, indicating that this fit is not very meaningful, only this uncertainty is listed in the table.
IX. RESULTS
Our results are listed in Table IV . We also calculate ratios of branching fractions, where common systematic uncertainties cancel For comparison with some theoretical calculations, we also determine partial widths using our branching fractions and the world average full widths [7] . Table V contains our partial width results, as well as theoretical predictions, reproduced from Table VI in Ref. [8] . The theoretical predictions include the linear potential (LP) and screened potential (SP) models [8] , as well as earlier predictions from a relativistic quark model (RQM) [33] , non-relativistic potential and Godfrey-Isgur relativized potential models (NR/GI) [34] , and color screened models, calculated with zeroth order wave functions (SNR 0 ) and first order relativistically corrected wave functions (SNR 1 ) [35] .
X. SUMMARY
Our results, CLEO measurements [9, 31, 32] , previous BESIII measurements [15, 16] , and PDG results [7] TABLE IV. Our branching fraction results, other results, and PDG compilation results.
Branching Fraction
This analysis (%) Other (%) PDG [7] (%) PDG [7] (%) Average Fit TABLE V. Partial widths (keV) of radiative transitions for ψ(3686) → γJ/ψ and χcJ → γJ/ψ. Shown are our experimental results and predictions from a relativistic quark model (RQM) [33] ; non-relativistic potential and Godfrey-Isgur relativized potential models (NR/GI) [34] ; color screened models [35] , calculated with zeroth order wave functions (SNR0) and first order relativistically corrected wave functions (SNR1); and linear potential (LP) and screened potential models (SP) [8] . The ΓE1 predictions include only E1 transition calculations, while the ΓEM results include higher order multipole corrections. 
